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ABSTRACT 
 Ceria (CeO2) is a fluorite type oxide that has been used extensively as an oxygen storage 
media in three-way catalysts, as an oxygen partial pressure regulator, as a fuel additive for the 
reduction of soot and for the production of syn-gas from water and carbon dioxide. It is known 
that exposing ceria powders to low pO2 and/or high temperature conditions will cause ceria to 
partially reduce. This partial reduction leads to the formation of oxygen vacancies, which up to 
a limit, do not significantly influence the crystal structure. When partially reduced ceria is 
exposed to high pO2 environments, such as open air, the ceria powders will readily reoxidize 
even at room temperature. The reoxidation effectively fills the oxygen vacancies with new 
oxygen. To analyze this process, we have devised an experimental procedure utilizing triple 
oxygen isotope labeled initial ceria powders. These powders are heated (700°C) and cooled 
under vacuum prior to exposure to air. By combining the results from independent 
experimental sets using different initial oxygen isotope labels we have determined the kinetic 
isotope fractionation factors for both high temperature reduction and low temperature 
reoxidation using a graphical method. Our results indicate that there is a 1.5‰ ±0.8‰ increase 
in the δ18O value of the remaining ceria upon heating in vacuum at 700°C for one hour. When 
the vacuum is broken at room temperature, the heated ceria will take in 3% to 19% oxygen 
from air, with a δ18O of 2.6‰ (-5.3‰; +8.3‰). These fractionation factors are consistent with a 
kinetic fractionation model. The issue associated with room-temperature reoxidation renders 
ceria a poor choice of exchange medium for oxygen isotope analysis of CO2 or other oxygen-
bearing gases. 
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1. INTRODUCTION 
Cerium oxide, CeO2 or ceria has found use in three-way catalysts, as an oxygen partial 
pressure regulator (Perrichon et al., 1994; Trovarelli, 1996), as a fuel additive for the reduction 
of soot (Trovarelli, 1996) and for the generation of syn-gas from CO2 and water (Chueh and 
Haile, 2010). The key to ceria’s behavior is the ready conversion between the Ce4+ and Ce3+ 
oxidation states (Demoulin et al., 2007; Graciani et al., 2011; Perrichon et al., 1994). Ceria also 
has the ability to lose and regain large quantities of lattice oxygen without significant change in 
crystal structure (Chueh and Haile, 2010). In a more accurate sense, the formula for ceria 
should be CeO2-X where X refers the number of vacancies in the oxygen sub-lattice per 
stoichiometric unit. Under high temperature, ceria oxygen vacancies will be generated in the 
form of anion Frenkel defects (Walsh et al., 2011). Depending on the temperature and 
atmosphere conditions, specifically pO2, the oxygen may become interstitial or migrate out of 
the ceria structure through desorption. In circumstances where oxidizable gasses or surface 
impurities are present, structural oxygen may be lost by gas evolution from the oxidation of 
these materials. 
As a result of its oxygen chemistry, ceria has found use in applications for oxygen 
isotope analysis. In particular, it has been used for the triple oxygen isotope analysis of CO2 
(Assonov and Brenninkmeijer, 2001; Hofmann and Pack, 2010).The triple oxygen isotope 
composition of CO2 holds critical information on stratospheric chemistry, stratosphere-
troposphere mixing rate, and geological water signatures (Assonov and Brenninkmeijer, 2001; 
Barkan and Luz, 2012; Hoag et al., 2005; Hofmann and Pack, 2010).  
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However, at present, direct measurement of all three isotopes of oxygen in CO2 is not possible 
because of isobaric interference between the isotopologues 13C16O16O and 12C17O16O.  
One way to circumvent the isobaric issue is by homogenizing the oxygen isotope 
composition of the CO2 after initial measurement of δ
13C and δ18O. Assonov and 
Brenninkmeijer (2001) were the first to develop a method utilizing the ability of cerium oxide to 
rapidly reach oxygen isotopic equilibrium with CO2 at temperatures above 400°C (Assonov and 
Brenninkmeijer, 2001). The CO2 to be measured was first directly analyzed for both δ
13C and 
δ18O before oxygen exchange with ceria at 650°C. The resulting CO2 was measured again for 
δ13C and δ18O. By using the before and after exchange values of the ratios of the isotopologues 
they were able to calculate ∆17O (∆17O= δ’17O ‒ 0.52 × δ’18O) of the original CO2 with an error at 
±0.3‰ (Assonov and Brenninkmeijer, 2001). This method was later modified for a ∆17O error of 
±0.12‰ (Mahata et al., 2012).  
An alternative method is converting the CO2 oxygen to O2 because O2 would have 
essentially no isobaric interference, therefore yield an accurate Δ17O value. One way to get O2 
out of CO2 is to fluorinate the water generated from the reaction of H2 and CO2. The stated 
error in ∆17O for this method is 0.2‰ (Brenninkmeijer and Rockmann, 1998). Along the same 
line, a water-CO2 partial equilibrium method was developed in which both the initial water and 
the partially exchanged water are fluorinated to get their respective O2 for triple oxygen 
isotope analysis. Using mass-balance, with consideration for the amount of water and CO2 used, 
the triple oxygen isotope composition of a very small CO2 samples (70 μmol) can be determined 
with a claimed error in ∆17O of ± 0.005‰ (Barkan and Luz, 2012). The most utilized and reliable 
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method for the conversion of CO2 to O2 is the direct fluorination of CO2 using BrF5 in a nickel 
bomb for 48 hours at 800°C (Bhattacharya and Thiemens, 1989; Thiemens et al., 1991). The 
generated O2 is then purified and analyzed directly for triple oxygen isotope ratios. This CO2 
fluorination method offers a relatively small error in Δ17O of ±0.1‰ and can be utilized for small 
amounts of CO2 but requires a significant time investment for the analysis of a single sample 
(Bhattacharya and Thiemens, 1989).  
Generating O2 from CO2 remains a tedious and error-prone endeavor. Recently, a new 
method utilizing ceria to exchange a large quantity of CO2 (≥ 3.5 mmol) at high temperatures 
(685°C) was developed (Hofmann and Pack, 2010). CO2-CeO2 oxygen exchange is rapid and was 
determined to have reached equilibrium after 30 minutes (Hofmann and Pack, 2010; Assonov 
and Brenninkmeijer, 2001).  The resulting ceria can then be fluorinated with F2 gas to yield 
oxygen for analysis of the triple oxygen isotope composition. This method offers a relatively 
quick sample analysis with a small error of ± 0.05‰ (Hofmann and Pack, 2010) and has been 
utilized for studies by Hofmann et al. (2012) and Horvath et al. (2012). The experimental 
method requires that once the exchange is complete, CO2 is pumped away while the exchange 
vessel is still at 685°C in order to avoid non-isothermal exchange with CO2 during cooling. The 
vacuum is broken only when the vessel has cooled to room temperature.  
For the Hofmann and Pack (2010) procedure, it is assumed that there is no further 
interaction with oxygen bearing gasses once the ceria sample has been cooled to room 
temperature. At temperatures above 626°C, ceria will undergo thermal decomposition to a 
more reduced state (Paparazzo et al., 1991). In addition, room temperature storage under 
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ultra-high vacuum conditions (Zhang et al., 2004) as well as exposure to elevated temperatures 
(>500°C) under vacuum are known to induce formation of oxygen vacancies in ceria (Bernal et 
al., 1992). In the ceria-CO2 exchange experiment, the ceria powder is exposed to low pO2 (at 
high pCO2 and vacuum pressures) and high temperature (T = 685°C) conditions. These 
conditions provide a situation where cerium oxide may lose some portion of structural oxygen. 
In particular, this reduction should be expected to occur when the ceria is exposed to high 
temperature and vacuum conditions as it has been shown that CO2 can act as an oxidizer of 
reduced ceria (Staudt et al., 2010). During the subsequent cooling in vacuum, there is no source 
of oxygen for the powder to refill vacancies. It has been shown that even at 22°C, structural 
oxygen in ceria is highly mobile allowing for complete reoxidation (Perrichon et al., 1994). I 
hypothesize that the treated ceria will lose some portion of its structural oxygen at high 
temperatures and refill these anion site vacancies with oxygen from air when the chamber is 
opened. The use of Hofmann and Pack’s (2010) procedure would result in contamination of the 
ceria sample by air, compromising the accuracy of the triple oxygen isotope measurement. 
The goal of this study is to test this oxygen vacancy hypothesis using a natural 
abundance oxygen stable isotope tracer based on the triple oxygen isotope ratios. This is in 
contrast to the use of nearly pure 18O labeled materials as a tracer of oxygen exchange and 
reoxidation (Bueno-Lopez et al., 2008; Cunningham et al., 1999a; Cunningham et al., 1999b; 
Dong et al., 2004; Efstathiou et al., 1996; Holmgren and Andersson, 1998; Madier et al., 1999; 
Martin and Duprez, 1996). When a concentrated isotope label (17O or 18O) is used as a tracer, 
the source of oxygen is unambiguously identified, but the rate of the studied reaction will 
typically be lower than under natural abundance conditions for kinetic reactions as a result of 
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the isotope effect (Bigeleisen, 1949). The use of a natural abundance triple oxygen isotope label 
allows for both the unambiguous determination of the oxygen source in a way that is 
independent the isotope effect and provides an avenue for the quantification of the isotope 
effect. In this thesis, I will first lay out our working hypothesis and illustrate, in detail, the triple 
oxygen isotope approach and what unique perspective it provides. This will be followed by my 
experimental design, results, deterministic and statistical treatment of the experimental data, 
implications for previous studies and conclusion.  
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2. HYPOTHESIS TO BE TESTED  
 Ceria will lose a portion of its structural oxygen during one hour of heating at 700°C 
under a <5x10-3 torr vacuum. The released oxygen will have a lower δ18O value than that of the 
starting ceria due to kinetic isotope effects. When the resulting ceria is cooled under vacuum to 
room temperature, and then exposed to air, it will reoxidize. The incorporated oxygen will 
come from air, likely from O2 but potentially from other oxygen-bearing gases present in the air 
such as water vapor and CO2. The fraction of oxygen incorporated (ƒ) can be calculated from the 
experimental results by using the change in ∆17O. In addition, the δ18O of the incorporated 
oxygen (δ18Oincorporated) and the change in δ
18O for the ceria powder as a result of the loss of 
structural oxygen (∆δ18Orelease) can be determined using a graphical calculation method. 
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3. METHODS 
I have developed an experimental approach by which the following three unknowns can 
be quantified: (1) the fraction of oxygen being incorporated (f), (2) the change in δ18O of the 
ceria due to 700°C heating under vacuum (∆δ18Oreduction), and (3) the δ
18O of the incorporated 
oxygen from air (δ18Oincorporated). In general, the initial ceria powder will be heated in a quartz 
glass reaction chamber to 700°C in vacuum then cooled to room temperature for >20 minutes. 
The vacuum chamber is then opened to the air and the final ceria powder is retrieved for 
isotope analysis. Only the initial ceria and the final ceria will be analyzed for each experiment 
set. Multiple sets of experiments will be conducted using different initial isotope compositions 
of the ceria powders.  
It is not feasible to utilize δ18O alone to determine the three aforementioned unknown 
variables because of insufficient constraints. However, by utilizing 17O-labeled ceria, the system 
can be better constrained. The fraction of incorporated oxygen can be obtained by comparison 
of the Δ17O values of the initial and final ceria. This is valid because of the mass dependent 
nature of thermally driven reactions (Young et al., 2002). Both δ18O and δ17O are prone to 
changes because of potential loss structural oxygen from ceria during heating in vacuum. 
However, the δ18O and δ17O will change in a predictable, mass-dependent manner. Therefore, 
any oxygen loss during vacuum heating will not change ceria’s ∆17O value. In contrast, because 
the incorporated oxygen can only be sourced from air, whose components’ δ18O and δ17O 
values lie on or near the terrestrial fractionation line (TFL), this incorporation process is capable 
of changing the ∆17O of the ceria toward the ∆17O value of the oxygen source.  This change in 
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∆17O can only be observed if the initial ceria is labeled with an oxygen isotope composition that 
does not lie near the TFL line (i.e. Δ17O ≠ 0). When oxygen is incorporated from air into the final 
ceria the final ceria Δ17O value will be diluted by a fraction equal to the fraction of new oxygen 
from the air, whether from O2, water vapor, or CO2. Details of this calculation can be found in 
Appendix B. 
To constrain the other two variables, the change in δ18O due to reduction (∆δ18Oreduction) 
and the δ18O of the incorporated oxygen from air (δ18Oincorporated), a single experiment or a pair 
of initial and final ceria data is insufficient.  The next step of my research approach is the 
graphical method, as depicted in Figure 1.  
  
Figure 1 . Conceptual drawing of the graphical method. “Ix” represents the values of the initial 
powder, “Rx” represents the values of the reduced ceria and “Fx” represents the values of the 
final ceria after reoxidation in air. Two hypothetical sets (set 1 and set 2) are shown as drawn in 
a δ17O- δ18O space. Arrows indicate the proposed path that the δ18O and δ17O of the ceria 
powder follows during the experiment. The TFL as displayed is the terrestrial fractionation line. 
The incorporated oxygen has to come from the air, which dictates that the incorporated oxygen 
is on or very close to the TFL line.   
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Using two sets of experiments that start with different triple oxygen isotope 
compositions for the initial ceria powders, apparent fractionation factors can be calculated for 
the reduction and reoxidation steps using the initial and final ceria δ18O and δ17O values. 
Detailed derivation of the equation for solving δ18Oincorporated and ∆δ
18Oreduction can be found in 
Appendix A. For each sample set, one equation can be written with only these two unknowns. 
Paired experiment sets are then used to generate a solvable equation. Pairs that utilize the 
same starting powder cannot be used together because they are not independent. The values 
of δ18Oincorporated and Δδ
18Oreduction are unknown prior; therefore, initial ceria powders should be 
generated to cover the natural range of δ17O- δ18O space. Of a total fourteen different data 
pairs, eight have initial ceria powder oxygen isotope values. In addition, five of the fourteen 
sets utilized a modified version of the standard experimental procedure. The modified 
experimental procedure for three of the modified experimental procedure sets relates to the 
crucible used. The crucible used for these three experimental sets may have a significant effect 
on the heating rate and cooling rate of the ceria which may cause these samples to not be 
comparable to the other experimental sets. The other two modified experimental procedure 
sets utilize a longer cooling duration, which is not expected to have an impact on the resulting 
composition. For this reason these three samples are omitted from the calculation of 
δ18Oincorporated and Δδ
18Oreduction. Omitting these samples from the calculation of δ
18Oincorporated 
and Δδ18Oreduction avoids errors due to comparison of sample sets with differing procedures. 
These samples are included in the calculation of the fraction of oxygen incorporated because 
this calculation can be applied to a single experimental set. If pairs with the same initial powder 
values are not combined and if sets that utilize an alumina crucible are omitted, this results in 
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51 total couples of sets. These pairs can then be used for the calculation as described in 
Appendix B for δ18Oincorporated and ∆δ
18Oreduction. By analyzing the errors associated with each 
result using the Monte Carlo method, the most likely values for δ18Oincorporated and ∆δ
18Oreduction 
can be determined. 
 
3.1 Initial 17O-labeled CeO2
 
Figure 2. Diagram of stainless steel vacuum line and quartz glass reaction chamber. The 
capacitance manometers utilized are designed for measurement of atmospheric pressure to 
low vacuum (LV) and high vacuum (HV) pressures down to 10-3 torr respectively. The glass and 
stainless steel portions of the line are joined with an ultra-torr connection. 
 
17O-labeled CO2 is generated by 48-hour room temperature exchange with 
17O-
anomalous water. Then, 17O-labeled ceria powder is generated by exchanging micron-size ceria 
powder (<5μm, 99.9% trace metals basis) at 700°C with the 17O-labeled CO2. Thirty to forty 
milligrams of ceria powder is placed on a gold boat in a 480 mL quartz glass vacuum tube (Fig. 
2). The tube is sealed and the vessel containing 17O-labeled water is connected. The 17O-labeled 
water is degassed using a vacuum pump and then frozen in a -40°C to -50°C ethanol slush trap. 
Temperature of the slush trap is monitored using a K-type thermocouple. The apparatus, 
including the tube furnace with ceria powder and the water vessel, are then evacuated to 
baseline pressure with a roughing pump. Baseline pressure varies for each experiment but is 
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typically above 0.1 torr. This pressure is assumed to be water vapor. The apparatus is then 
closed to the pump and the temperature of the ethanol slush trap is verified to be above the 
freezing point of CO2. CO2 (99.8% purity) is then released into the apparatus at a pressure of 
~500 torr. The ethanol slush trap is then removed to allow the water to thaw. The apparatus is 
left in this state for 48 hours in order to allow the CO2-H2O isotope exchange reaction to occur. 
After 48 hours, the valve to the water vessel is sealed and, off to the side, a tube furnace 
is heated to 700°C. No attempt is made to dry the CO2 prior to this step. Once the tube furnace 
is at 700°C it is positioned onto the quartz glass vacuum tube, over the gold boat and ceria 
powder, and is left for one hour with periodic pressure and temperature monitoring. At the end 
of one hour, the CO2 is pumped to waste and the tube furnace is moved off the quartz glass 
tube. The ceria powder is then allowed to cool to room temperature under vacuum. Once the 
powder is cool, the reaction chamber is opened to air and the powder removed. This cooling 
procedure is used to avoid oxygen exchange with air during cooling, which would largely reduce 
or erase the intended CO2-imparted 
17O anomaly of the resultant ceria powder. 
 
3.2 Low Temperature Re-Oxidation (LTRO) Experiments 
 Four to six milligrams of cerium oxide powder with a known oxygen isotope composition 
is placed on a <1mm thick gold boat in a quartz glass vacuum tube in the vacuum line described 
in Fig. 2. The tube is evacuated to a pressure at or below 5 x 10-3 torr with an Edwards air 
cooled diffusion pump. Typical experimental pressures are ~1 x 10-3 torr as measured by an 
Edwards Barocel capacitance manometer. This pressure reading is at the bottom of the 
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measurement range for this gauge. The actual experimental pressure may be up to a magnitude 
lower. A tube furnace, which has been preheated to 700°C, is positioned onto the vacuum tube 
over the cerium oxide powder and a timer is set. After heating under vacuum for one hour, the 
tube furnace is removed and the powder is allowed to cool to 22°C for 20 minutes prior to 
exposure to air. This cooling duration is expected to be sufficient to return the ceria to room 
temperature because the glass vacuum tube reaches room temperature after 8 minutes. The 
additional time is used for cooling of the powder to compensate for the lack of convection 
within the tube. The procedure outlined above is the standard procedure. Exceptions to this 
procedure are sample sets 6 and 7, which were allowed to cool for 2 hours and 1.5 hours 
respectively and sample sets 8, 9 and 10, which utilized a glazed alumina crucible rather than a 
gold boat. 
 
3.3 Ceria Oxygen Isotope Ratio Analysis 
Ceria samples, initial and final, are converted to oxygen gas by a laser fluorination 
reaction with bromine pentafluoride (BrF5) vapor. Prior to analysis, the ceria is placed into the 
laser chamber and the chamber is heated to 70°C and evacuated to below 10-3 torr. After 1.5 
hours, the heater is turned off and allowed to cool to 22°C. Once the chamber is cool, 10 to 15 
torr of BrF5 is introduced and the chamber is left sealed for greater than 8 hours. This pre-
fluorination step ensures that adsorbed water is eliminated prior to measurement. BrF5 does 
not significantly react with cerium oxide at 22°C over this timescale; however, there is a 
significant decrease in final oxygen yield if the ceria powder is stored under these conditions for 
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longer than a week. This change in yield is not associated with a change in the measured 
oxygen isotope composition.  It should be emphasized that due to this prefluorination 
procedure, differences in adsorbed water content or other removable impurities such as carbon 
on ceria powder cannot have an effect on the measured oxygen isotope composition. After the 
prefluorination procedure, residual BrF5 is collected as waste in a cryogenic trap and any 
evolved non-condensable gases are pumped off. For conversion to O2, ~20 torr of BrF5 vapor is 
introduced to the laser chamber and the chamber is sealed. Energy for the reaction is provided 
by a New Wave Mir10 laser ablation system. This reaction occurs readily at low powers with a 
consistent oxygen yield at or near 100%. Condensable gases, including unreacted BrF5, are 
removed from the resulting gas with a series of liquid nitrogen-cooled cryogenic traps that 
allow oxygen gas to pass through at the low pressures used. The resulting purified O2 is 
collected into clean 13X molecular sieves for transfer to the mass spectrometer.  
The δ18O and δ17O analysis of the resultant O2 is performed on a Finnigan MAT 253 
stable isotope ratio mass spectrometer set to dual inlet mode. The complete method can be 
found in Bao and Thiemens (2000). 
 
3.4 Monte Carlo Calculation and Error Analysis 
A set of 7000 normally distributed pseudo-random numbers with an assigned standard 
deviation and mean are generated using the open source program R for each measured δ18O 
and δ17O value (RCoreTeam, 2012). The random numbers are assigned a mean that is equal to 
the mean of the measured sample and a standard deviation of 0.03 for δ18O and 0.06 for δ17O. 
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These standard deviations are typical of the measurement error and in general conservative. 
The deterministic equations are then solved 7000 times using the generated pools of pseudo-
random numbers that correspond to the required inputs.  
The results from the Monte Carlo calculation for the fraction of oxygen incorporated are 
typically normally distributed; however, all other results are heavily skewed with high kurtosis. 
For these reasons, the median was chosen to be a more representative of the results. Error is 
determined using the 15.9th and the 84.1th percentiles as well as the 10th and 90th percentiles. 
These generate ranges that cover 68.2% and 80% of the results respectively. Best estimates for 
the values of ∆δ18Orelease and δ
18Oincorporated are made by determining the grand median with 
error bars as described above for the combined results. The error as determined by this method 
is only determined by the error of the O2 gas measurement and the error introduced by the 
calculation. Errors that are associated with approximations are not accounted for. These errors 
are likely systematic but are expected to be minor relative to error introduced by the 
calculation. 
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4. EXPERIMENTAL RESULTS 
 With the exception of ceria powders from set 8 and possibly set 7, the ceria samples 
show a measurable change in oxygen isotope composition between the initial and the final 
ceria. For samples with initial δ18O values of ~30‰ the δ18O of the final powder is lower by 2‰ 
to 4‰. This is in contrast to samples with initial δ18O values that are closer to 0‰ which see an 
increase in δ18O by ~2‰. With the exception of set 8, initial samples with large 17O-anomalies 
yielded final powders with lower anomalies. The greatest percent change in ∆17O is seen for set 
6 with a 19% change. This large shift is not seen for sets 5.1 and 5.2, which used an initial 
powder from the same batch.  
 A consistent change in powder color is observed during and after each treatment. Prior 
to and after the CO2 exchange step the ceria powders are white to slightly yellowish. At high 
temperature in vacuum, the ceria powder is a yellow-green, a color typical of ceria when 
heated in air. As the powder cools while in vacuum, it becomes grey, typically with a slight 
blueish tint. This blue tint is not readily apparent in all cases. These powders when exposed to 
air retain their grey coloration but do not retain the blue tint. The grey color is eliminated 
immediately during the prefluorination step upon exposure to BrF5 vapor. 
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Table 1: Fourteen sets of measured δ17O and δ18O, and calculated Δ17O values for the initial and 
final ceria in the LTRO experiments. 
                            Initial      Final   
 
δ
18
O δ
17
O ∆'
17
O I δ
18
O F δ
17
O F ∆'
17
O F 
Cooling 
Duration 
Crucible 
material 
Set 1 30.24‰ 10.91‰ -4.64‰ 28.51‰ 10.53‰ -4.14‰ 20 min Gold 
Set 2.1 -0.19‰ -0.20‰ -0.10‰ 2.11‰ 0.99‰ -0.11‰ 20 min Gold 
Set 2.2 -0.19‰ -0.20‰ -0.10‰ 2.22‰ 1.10‰ -0.05‰ 20 min Gold 
Set 3.1 -1.29‰ -0.40‰ 0.27‰ 0.84‰ 0.70‰ 0.26‰ 20 min Gold 
Set 3.2 -1.29‰ -0.40‰ 0.27‰ 0.96‰ 0.81‰ 0.31‰ 20 min Gold 
Set 4.1 2.09‰ 2.06‰ 0.97‰ 3.58‰ 2.79‰ 0.92‰ 20 min Gold 
Set 4.2 2.09‰ 2.06‰ 0.97‰ 3.67‰ 2.86‰ 0.95‰ 20 min Gold 
Set 5.1 12.54‰ 13.83‰ 7.26‰ 13.43‰ 14.11‰ 7.08‰ 20 min Gold 
Set 5.2 12.54‰ 13.83‰ 7.26‰ 13.12‰ 13.54‰ 6.67‰ 20 min Gold 
Set 6 12.48‰ 13.85‰ 7.30‰ 12.59‰ 12.48‰ 5.90‰ 120 min Gold 
Set 7 7.35‰ 2.62‰ -1.19‰ 7.94‰ 2.94‰ -1.18‰ 120 min Gold 
Set 8 30.48‰ 10.95‰ -4.73‰ 30.25‰ 10.91‰ -4.65‰ 20 min Alumina 
Set 9 30.48‰ 10.95‰ -4.73‰ 26.49‰ 9.71‰ -3.93‰ 20 min Alumina 
Set 10 31.76‰ 11.33‰ -4.99‰ 29.56‰ 10.91‰ -4.30‰ 20 min Alumina 
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5. CALCULATION RESULTS 
 As detailed in Appendix B, the fraction of oxygen incorporated from the air can be 
determined by examining the Δ17O difference between the initial and final ceria coming out of 
an experiment set. Because at this time we do not know the exact gas species, or combination 
of gas species serve as the source of the incorporated oxygen, we have two scenarios for the 
Δ17O value of the incorporated oxygen: (1) ‒0.23‰ (calculated using δ’ notation) from 
atmospheric O2 (Bao et al., 2008), and (2) 0‰ from CO2 or water vapor. Any combination of 
sources would cause the incorporated Δ17O value to lie between 0 and −0.23‰. These two 
scenarios constitute the envelope of possible incorporated oxygen Δ17O values. For samples 
that utilize initial powders with oxygen isotope compositions that lie significantly off the TFL, 
this difference will be minimized. In addition, we do not know the exact δ17O and δ18O 
relationship or the mass-dependent “slope” value of the incorporation process. The “slope” 
value could deviate slightly from the canonical value of 0.52. However, this potential difference 
is likely encompassed by the two different potential values of Δ17Oincorporated as well. For 
simplicity, only results using scenario 1 are shown in the following plots. The complete results 
for both scenarios can be found in appendix E and appendix F. 
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Figure 3. Results of Monte Carlo calculation for the fraction of oxygen taken into the ceria 
structure. Points are the median values of the Monte Carlo calculation results. The inner error 
bars are the edges of the 68.2 interpercentile range. The outer error bars are the edges of the 
80 interpercentile range. 
 
Given the uncertainties, we conclude from Fig. 3 and 4 that the fraction of incorporated 
oxygen from air accounts for a variable 3 to 19% of the total oxygen in final ceria for the LTRO 
experiment. Large errors (>5%) are associated with experiments which utilized initial ceria with 
an oxygen isotope composition that lies near the TFL. Similarly, under the two scenarios for 
incorporated oxygen sources, the δ18Oincorporated and the Δδ
18Oreduction of the ceria powder are 
calculated (Appendix C). Plots of the results are shown in figures 5-8.  
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
Se
t 
1
Se
t 
2
.1
Se
t 
2
.2
Se
t 
3
.1
Se
t 
3
.2
Se
t 
4
.1
Se
t 
4
.2
Se
t 
5
.1
Se
t 
5
.2
Se
t 
6
Se
t 
7
Se
t 
8
Se
t 
9
Se
t 
1
0
ƒ 
in
 %
 
Experimental Set 
19 
 
 
Figure 4: Plot for Monte Carlo calculation of the δ18O of the incorporated oxygen.  Points are 
the median values of the Monte Carlo calculation results. The inner error bars are the edges of 
the 68.2 interpercentile range. The outer error bars are the edges of the 80 interpercentile 
range. A horizontal line is plotted at a δ18O of 2.6‰. This value is equal to the median value of 
the combined Monte Carlo results.
Figure 5: Plot for Monte Carlo calculation of the δ18O of the incorporated oxygen.  Points are 
the median values of the Monte Carlo calculation results. The inner error bars are the edges of 
the 68.2 interpercentile range. The outer error bars are the edges of the 80 interpercentile 
range. A horizontal line is plotted at a δ18O of 1.5‰. This value is equal to the median value of 
the combined Monte Carlo results. 
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Table 2: Statistics for the compiled Monte Carlo calculation results. The median value of the 
compiled results is chosen as the most representative value. 
 
  
Median 
Central 
68.2% Error 
Central 80% 
Error 
- + - + 
 
δ18Oincorporated 2.6‰ 5.3‰ 8.3‰ 8.6‰ 12.2‰ 
 
∆δ18Oreduction 1.5‰ 0.8‰ 0.8‰ 1.2‰ 0.9‰ 
 
Some individual calculations for either ∆δ18Oreduction, δ
18Oincorporated, or both do yield 
significantly smaller errors depending on the geometric relationship of the initial and final 
oxygen isotope compositions when plotted in δ 17O- δ 18O space. Set combinations including 
smaller errors typicaly include experimental sets 2.1, 2.2, 3.1 and 3.2. These experimental sets 
are characterized by small changes in ∆17O of the ceria from the initial to final state. The small 
change in ∆17O combined with the small oxygen-17 label for the initial ceria for these 
experiments generate large errors for the fraction of oxygen incorporated for these sets. 
Statistics for the compiled Monte Carlo results can be found in table 2. Tables detailing the 
complete results for each set combination including combinations including sets 6 and 7 can be 
found in Appendix E. 
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6. DISCUSSION 
By treating ceria at a high temperature and vacuum condition and then exposing the ceria 
powder to atmosphere at room temperature, it is shown that the resulting ceria δ 18O and δ 17O 
deviates from the initial values. This change in isotope composition is characterized by a trend 
toward a normal Δ17O value from the initial to final ceria for samples that have Δ17O values that 
deviate from the TFL by more than 1‰. This trend is not apparent for samples with initial Δ17O 
values that are within 1‰ of the TFL. Typically, some amount of oxygen exchange with an 
isotopically normal reservoir would be required to explain this, however, this has been avoided 
by only exposing the ceria powder to high temperatures under vacuum (<5 x 10-3 torr) on a gold 
boat. High temperature oxygen exchange with gas at this pressure in the volume of the reaction 
chamber used can be easily shown not have the potential to change the oxygen isotope 
composition by any significant amount. By cooling the ceria powder under vacuum, the 
exposure to a normal oxygen reservoir is limited to room temperature conditions. These 
observations then can only be explained by the incorporation of oxygen from air at room 
temperature. In addition, repeat analysis of ceria samples before and after storage, including 
the initial powders used for set 5.1/5.2 and set 6, indicate that the oxygen isotope composition 
is stable at room temperature even over long periods of storage (>1 month). Therefore, these 
observations are consistent with the hypotheses that high temperature vacancy formation 
(reduction) followed by room temperature vacancy infill (reoxidation) is responsible for the 
change in oxygen isotope composition.  
  
22 
 
There is the potential for isotope fractionation during the vacancy formation step. This 
would have the effect of causing a shift in the δ18O of the ceria powder from the initial to the 
high-temperature reduced state. This fractionation is expected to be mass dependent and 
therefore will not cause a change in the ∆17O of the ceria powder. This concept is at the core of 
the calculation presented here for the fraction of oxygen incorporated. The calculated fractions 
are highly variable (Table 2, Figure 2 and 3). Large errors occur when the ∆17O are within or 
near the error bar for the measurement. In general, samples with initial powder values that had 
a greater deviation from the TFL (|    |     ) saw the most change in ∆17O and therefore 
have smaller error bars. 
The results indicate about a 3-19% change in ∆17O toward the ∆17O value of air O2. If it is 
assumed that the ceria was reoxidized to the same stoichiometry that it had prior to the 
reduction step, then this would be equivalent to a reduced, high-temperature ceria formula 
ranging from CeO1.94 to CeO1.62. The high end of this estimate seems improbable for these 
experimental conditions. It would be interesting to look at this process with an independent 
method of determining the fraction to which the ceria is reduced and reoxidized for each 
experiment and compare those results to the ones derived using the presented method. 
If starting materials with greater deviations from the TFL are used, then the error can be 
reduced, however there is a limit to the valid range of the linear mixing approximation. If either 
the δ18O or δ17O deviate strongly from the oxygen isotope composition of VSMOW (i.e., the 
δ17O- δ18O graph origin), the δxxO and Δ17O mixing equations can no longer be approximated as 
linear in δ17O- δ18O space (See Appendix A). An alternate mixing equation based on the 
percentage of each isotope can be used in these cases, but will require a known δ18O for both 
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the incorporated oxygen and the high-temperature reduced ceria. If these values are known 
then the error of calculation of the fraction of oxygen incorporated can be reduced greatly with 
the use of initial materials that have a much greater 17O label, which may lie outside of natural 
ranges. 
If incorporation of 17O-normal oxygen was solely responsible for the observed changes 
in our experiments then the δ18O and δ17O values of the incorporated oxygen could be 
determined by drawing a line in δ17O-δ18O space, which includes both the initial and final 
oxygen isotope compositions. The point where this line intersects with the TFL would represent 
the δ18O and δ17O values of the incorporated oxygen. Considering that the source reservoir for 
the incorporated oxygen is air, which is effectively infinite, and assuming that the fractionation 
factor, alpha (α), is constant for the entire reoxidation process then it can be concluded that the 
oxygen isotope values for the incorporated oxygen should be constant for all experiments. It is 
clear from the significant change in ∆17O for the samples with more anomalous initial powders 
that this process has occurred. However, drawing such lines as described above and looking at 
the intersection points with the TFL for these samples results in an inconsistent value. This 
result requires a second process with associated fractionation occurring prior to the 
introduction of new oxygen in order to fully explain the experimental results. This process is 
presumed to be the step of oxygen loss at high temperature. This could also be thought of as a 
shift in the powder value so that the TFL intersection calculation as described above yields a 
consistent result. A calculation for the values of ∆δ18Oreduction and δ
18Oincorporated could be 
constructed such that the resulting values could mathematically fit for all the experimental sets, 
however this system would be over constrained.  
24 
 
Using the graphical method, it is found that the calculated ∆δ18Oreduction and 
δ18Oincorporated values are within errors of each other when the two different scenarios for the 
source of oxygen in air are applied to the calculation. Due to the nature of the calculation, it 
was expected that combinations of sets where the linear trends for the incorporation step have 
very different slopes from both 0.52 and each other would generate the smallest error. 
However, there are special cases where the error in the calculation can be particularly small 
despite being on or near the TFL. This is the case for the pairing of sets 2.1 and 3.2, which yield 
δ18Oincorporated = 2.0‰ +0.2‰; -0.3‰ and ∆δ
18Oreduction =2.3‰ +0.1‰; -0.2‰.  These results fall 
within the range of error for most other calculations. These values should be valid under the 
assumption that the relevant portions of the two experiments that were conducted identically; 
however, these would be sensitive to experimental variability. Such potential variability may be 
enough to change this value significantly, so to be conservative, the best estimates for the 
experiments presented here are derived from the compiled calculation results. Using the 
compiled results reduces the impact of experimental variability on the best estimate of 
δ18Oincorporated and ∆δ
18Oreduction. 
If it is assumed that the ceria reoxidizes to the same stoichiometry as prior to reduction 
when exposed to air at room temperature, then the fraction of the incorporated oxygen will be 
equal to the fraction released. The fractionation factor α can be calculated for this process 
using equation C.2 from Appendix C. As stated above, the best estimate for the percent of 
incorporated oxygen is between 3% and 19%. For the lower estimate of 3%, αreleased-remaining = 
0.952 ±0.024. For the upper estimate of 19%, αreleased-remaining = 0.994 ±0.003. These estimates 
are widely different and do not overlap. The estimation of α in this case is highly dependent on 
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a close estimate of the fraction of oxygen lost from the ceria structure. Importantly, this 
αreleased-remaining value is integrated over a period of time in which the ceria is undergoing non-
isothermal heating and should not be regarded as either the fractionation coefficient at the 
stationary high temperature (700°C), or a lower temperature when the oxygen begins to be 
released. Nevertheless, the oxygen given off from the ceria structure during the high 
temperature treatment is isotopicaly lighter than the initial ceria powder. The finding that the 
released oxygen is isotopically lighter than its source is consistent with the general fractionation 
pattern for kinetic processes for oxygen isotopes (Bigeleisen, 1949). Because continuous 
pumping is utilized for the procedure, any oxygen that is desorbed from the ceria surface will 
be mostly evacuated and unable to significantly back-exchange with the ceria powder. The 
activation energy barrier for 16O is lower than that of 18O for most reactions; therefore, for a 
unidirectional reaction the lighter isotope concentrates in the product (Bigeleisen, 1949). 
 A similar calculation can be performed to determine the alpha value for the 
incorporation step. If it is assumed that air O2 is the primary oxygen source 
then               
                    . This equation is rearranged from equation B.3 
in Appendix B. Because the δ18O of air O2 is 23.5‰ then ∆δ
18Oincorporated =-20.9‰ -5.3‰; 
+8.3‰. The α of incorporation is then calculated using equation A.6 from Appendix A (Bao et 
al., 2008). This yields an                    = 0.9793: -0.0048; +0.0081. If the source of 
incorporated oxygen is indeed air O2, the ~21‰ difference between the air O2 and the 
incorporated oxygen is in line with a typical kinetic isotope effect predicted for the O2 -> O + O 
reaction (Y. Liu personal communication).  
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7. IMPLICATIONS FOR PREVIOUS STUDIES 
The method of Hofmann and Pack (2010) utilizes a similar procedure to the one used 
here for the purposes of avoiding exchange with either air or CO2 while the powder cools. 
Eliminating exchange during cooling is a necessary step for their procedure in order to avoid 
overwriting the ∆17O value that was derived from the sample CO2 with the ∆
17O from air. 
However, the results presented here suggest that there may be a 3 to 19% contamination of 
the ceria powder once their reaction chamber is opened to air. The Hofmann and Pack (2010) 
procedure has been used in three publications including the original publication for the 
determination of the slope of CeO2-CO2 oxygen isotope exchange (Hofmann and Pack, 2010), 
the measurement of the ∆17O for several sources of anthropogenic CO2 (Horvath et al., 2012) 
and the determination of the slope of CO2-H2O oxygen isotope exchange (Hofmann et al., 
2012). In order to properly verify the existence of and quantify the level of contamination for 
their system, it will be necessary to repeat the experiments presented here using 17O-
anomalous ceria or CO2. If this is indeed the case then the results from these experiments will 
need to be re-examined. 
Table 3: Outline of experimental procedures used for the Ceria-CO2 method (Hofmann and 
Pack, 2010) and this study. 
 Hofmann and Pack, 2010 This study 
CO2-CeO2 exchange duration 30-60 minutes N/A 
Temperature 685°C 700°C 
Vacuum Pressure Unknown (likely < 10
-2
 torr) < 5 x 10
-3
 torr 
Cooling duration Unknown 20 minutes or greater 
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In all of the above-listed studies, the values determined for the ∆17O of CO2 sit within 
normal ranges. In these instances, 3 to 19% contamination by another normal source of oxygen 
will not cause a large change in the ∆17O value of the final ceria powder. The contamination is 
expected to be within the error of the measurement.  Of the findings in these studies, the most 
likely to be affected is the determined δ17O-δ18O slope (they use βCO2-CeO2) value of 0.5240 ± 
.0011 for CO2-CeO2 exchange in Hofmann and Pack (2010). It is, however, unclear what the 
effect on this slope value will be. The δ18O values for their resulting ceria powders are variable 
within 1‰. Based on the results presented here for sets 2.1, 2.2, 3.1, 3.2, 4.1 and 4.2 the 
expected δ18O of the final ceria should be 1 to 2‰ heavier than the uncontaminated powder. 
This would result in a higher estimation of the slope for CeO2-CO2 exchange.  
In addition, the change in ∆17O due to contamination from normal oxygen from air will 
also change the estimated slope value; however, the impact from this is less clear because of 
their use of 17O-normal CO2 in calibration of their technique. Either 
17O-anomalous CO2 or ceria 
need to be used to re-examine the impact of the 3 to 19% contamination by incorporation at 
room temperature upon the break of vacuum. 
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8. CONCLUSION 
 
The results of this study indicate that the micron scale ceria utilized for the LTRO 
experiments will partially reduce at 700°C and vacuum pressures of below 5 x 10-3 torr. The 
reduced ceria powder can then, if cooled to room temperature under vacuum, be reoxidized by 
air at room temperature after the vacuum is broken. The amount of oxygen taken into the ceria 
structure during the reoxidation step is estimated to be 3% to 19% of the resulting ceria 
structural oxygen. In addition, we have determined that during the reduction process the δ18O 
of the leftover ceria structural oxygen increases by 1.5‰ ±0.8‰ and the δ18O of the new 
oxygen incorporated has a  δ18O  of 2.6‰ -5.3‰; +8.3‰. These findings indicate that the 
technique of Hofmann and Pack (2010), which utilizes cerium oxide as an exchange medium for 
triple oxygen isotope measurement of CO2, will need to be reevaluated.  
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APPENDIX A: STABLE ISOTOPE NOTATION 
The equations used here utilize both the “standard” (δxxO) and “prime” (δ’xxO) delta 
notations commonly used to describe isotope ratios. The standard notation is defined as: 
     (
       
  
      
    )        (A.1) 
Where 
    
   
   
 (A.2) 
Rxx is equal to the count of the oxygen isotope in question (18O or 17O) divided by the count of 
16O in a sample and  RxxVSMOW is the ratio for the isotope standard VSMOW (Vienna Standard 
Mean Ocean Water). The “standard” delta notation is commonly used by most researchers for 
the description of oxygen isotopes when only one oxygen isotope ratio is being examined. Here 
the primary utility for the standard notation is for mixing calculations.  
             
     (   )   
     (A.3) 
Where  A and B are two oxygen bodies that are being mixed, δxxOA is the oxygen isotope 
composition of body A and f is the fraction of oxygen incorporated from A into the total. This 
equation can easily be shown to closely approximate a more accurate mixing equation based on 
the percentage of each isotope as long as the percent of 16O for oxygen bodies A and B are 
close to one another. Variations in the percent of 16O are within 0.02% for natural range isotope 
compositions which is sufficient for meeting the criteria for use of this mixing equation. 
The “delta prime” (δ’) notation is defined as follows: 
33 
 
              (
       
  
      
  ) (A.4) 
Where Rxx is the same as in equation A.2. Because both notations utilize the same input, 
conversion between the two is simple. This notation was first introduced to help describe 
multiple isotope trends for sulfur isotopes in meteorites, but has since been extended to other 
isotope systems (Hulston and Thode, 1965; Young et al., 2002). The difference between the 
values of δxxO and δ’xxO is small as long as the value of RSample / RVSMOW is close to 1.00. The 
utility of “delta prime”, or δ’, notation lies in the mathematical simplifications allowed by the 
logarithmic definition when dealing with isotopic fractionation.  
Isotopic Fractionation is defined as a change in isotope composition through a chemical 
or physical process. This has also been referred to as the isotope effect and is a result of 
differences in the reaction rates of each isotope. This is typically thought of in the framework of 
an equilibrium exchange reaction but kinetic and non-equilibrium reactions produce 
fractionations as well. The fractionation factor α is defined as (Young et al., 2002): 
    
   
  
  
  
   (A.5) 
. Multiplying the right side of equation A.5 by one in the form of          
           
  ⁄  , 
taking the natural logarithm of both sides and multiplying both sides by 1000‰ yields: 
 
        (    
  )          
      (A.6) 
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Alternatively, in a more intuitive form: 
                   (    
  ) (A.7) 
Where           (Big delta) is the change in  
     because of the process generating 
the fractionation.  
For mass dependent processes (Young et al., 2002): 
    (   )  (A.8) 
Where 𝜆 is a factor that describes the mass dependence of the reaction. Typical values 
for 𝜆 are near 0.52. Taking the natural logarithm of both sides, rearranging, multiplying both 
sides by 1000‰ and converting to the big delta notation used in equation A.7 yields: 
       𝜆            (A.9) 
Because almost all chemical and physical processes are mass dependent and the value 
of 𝜆 does not vary much, the           ⁄  ratio of terrestrial oxygen-bearing compounds is in 
most cases constant. Because the standard VSMOW is itself a terrestrial compound, i.e. Mean 
Ocean Water, the           ⁄  ratio of most terrestrial oxygen species is close to 0.52. This is 
typically mentioned when speaking of the Terrestrial Fractionation Line (TFL), which when 
dealing with oxygen isotopes is a line in δ’17O- δ’18O space with a slope of about 0.52 that 
passes through the origin. We can then describe deviations from the TFL using “Cap Delta” 
notation defined as: 
                       (A.10) 
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To rephrase, Cap delta-17 or Δ17O is equal to the deviation of the actual δ’17O from the 
expected value based on the δ’18O. For any mass dependent process (𝜆≈.52) the ∆’17O of the 
product will be approximately equal to that of the reactants. 
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APPENDIX B: DETERMINITIC CALCULATION FOR THE FRACTION OF OXYGEN 
INCORPORATED 
During the LTRO experiments, the reduction step can be described as a shift from the 
initial powder value for both δ18O and δ17O or: 
                    
                
            (B.1) 
And 
                    
                
            (B.2) 
After the end of the reduction step, the powder is cooled to room temperature and 
opened to air. At this point, the ceria is reoxidized by air. Similar to equations B.1 and B.2, the 
value of the oxygen being taken in can be stated as: 
               
                 
        (B.3) 
And 
               
                
        (B.4) 
Both processes involved are mass dependent, therefore: 
                 𝜆              
               (B.5) 
And 
                 𝜆              
               (B.6) 
Approximate that 𝜆  for all processes is equal to 0.52. This approximation is valid 
because oxygen dissociation in an oxide or oxygen assimilation into an oxide is a thermally 
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driven mass-dependent process. Although the exact λ value for the oxygen incorporation and 
release step reactions could deviate from 0.52, the deviation will be small. This approximation 
is equivalent to assuming that the ∆’17O value of the ceria does not change during reduction 
and that the ∆’17O of the incorporated oxygen is equal to that of air oxygen-bearing gas or gases 
when ∆’17O is defined as: 
                        (B.7) 
The fraction of oxygen that is taken into the ceria structure is described by the mixing 
equations: 
             
               (   )   
                 (B.8) 
And 
             
                (   )   
                 (B.9) 
Where   is the fraction of the final ceria structural oxygen that was derived from air 
during the reoxidation process. A relationship between δ18O and δ17O can then be described by: 
                    (B.10) 
Note that this is similar to but not the same as the ∆’17O from Equation B.7 which 
utilizes the “prime” definition from Equation A.4 rather than the standard definition from 
Equation 2.1. Equation B.10 can then be rearranged and combined with equation B.9 to yield: 
                
           ( 
                      
               )  
(   )  (                  
               ) (B.11) 
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Multiplying both sides of Equation B.8 by 0.52 and subtracting the result from Equation 
B.11 yields: 
             
                (   )   
                 (B.12) 
If we know each of the ∆17O values in Equation B.12, then we can calculate the fraction 
of the final ceria oxygen that was taken into the ceria structure from air during reoxidation. 
Because we are assuming the 𝜆 value for all processes is 0.52, we are also assuming that the 
∆’17O value for the incorporated oxygen is equal to the ∆’17O value of air, and that the ∆’17O 
value for the reduced ceria is equal to the ∆’17O  value of the initial ceria. Conversion between 
∆’17O and ∆17O requires for the δ18O value of a sample to be known. In this case, the δ18O value 
of neither the incorporated oxygen nor the reduced ceria’s oxygen is known. From here, one of 
two choices of approximations are required. (1) That ∆’17O can be set equal to ∆17O for mixing. 
This is equivalent to approximating equations B.8 and B.9 by replacing the standard definition 
delta values (δ) with their prime definition counterparts (δ’). (2) That ∆17O does not change 
during isotopic fractionation. This approximation was used by Matsuhisa et al. (1978) as part of 
their three isotope method (Matsuhisa et al., 1978). Due to the small difference between the 
values for the two delta notations, the two approximations will yield similar results and are 
close enough to reality to warrant their use. The equations for each approximation are as 
follows. For option 1: 
              
             
          
          
           
 (B.13) 
For option 2: 
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 (B.14) 
In practice, switching between the two options is just a matter of changing the inputs. 
The difference between these is negligible as both approximate reality closely for the natural 
ranges in δ18O and δ17O used here. For simplicity, only the first option is chosen for the 
calculations presented here.  
It is unknown which component or components of air are responsible for the 
reoxidation. Possibilities include O2, water vapor, and CO2 as well as other trace oxygen bearing 
gases. Of these components, only O2 possesses a small non-zero ∆
17O of ‒0.23‰ (Bao et al., 
2008). The calculation was independently run for two different scenarios: (1) Non-O2 
components of air oxidize ceria so that ∆17OAir = 0‰, and (2) Air O2 is the dominant oxidizer so 
that ∆17OAir = ‒0.23‰. 
Because the data inputs for this deterministic calculation have errors associated with 
them, this deterministic calculation is extended to a pseudo-probabilistic one using the Monte 
Carlo method. The result of the Monte Carlo calculations can be found in Figure 2 and Table 2. 
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APPENDIX C: DETERMINISTIC CALCULATION FOR ∆δ18Oreduction AND δ
18Oincorporated 
 The purpose of this section is to describe a method of determining a single equation 
which both accurately describes the LTRO phenomenon and includes the two remaining 
unknown, the ∆δ18Oreduction, the shift in the ceria powder δ
18O from the initial value to the 
reduced one at 700°C, and δ18Oincorporated, the δ
18O of the oxygen taken into the ceria structure 
during reoxidation. These parameters control the oxygen isotope composition of the final ceria 
as a function of the δ’18O and δ’17O of the initial ceria.  There is an additional parameter, which 
is the fraction of oxygen released from the ceria crystal structure. The treatment of this final 
parameter will be discussed. It is helpful to keep in mind that many of the calculations and 
relationships used here are easily displayed and understood in the framework of δ’17O-δ’18O 
space. 
As mentioned in Appendix B, it is assumed that the ∆17O value of the oxygen taken into 
the ceria structure is equal to that of the air oxygen-bearing compound(s). Because the 
incorporation process is mass dependent, the oxygen taken into the ceria structure will lie on a 
line with a slope of 𝜆 and an offset equal to the ∆’17O of air oxygen-bearing compound(s) in the 
δ’17O-δ’18O space, or: 
             𝜆   
             
                                                                                   (C.1) 
Similarly, the process of releasing oxygen from the ceria structure is expected to be 
mass dependent. In contrast to the incorporated oxygen, the remaining ceria structural oxygen 
originated in the initial, fully oxidized, ceria. For a single LTRO experiment set it is valid to say 
that the δ’18O of the cerium oxide powder changed by a certain amount because of high 
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temperature release of structural oxygen. This amount of change would be equal to 
∆δ’18Oreduction . However, when dealing with multiple samples it is necessary to justify its use as a 
fixed parameter. ∆δ’18Oreduction is itself a function of the fraction of oxygen that remains (  ) in 
the ceria structure once it has reached maximum reduction. This relationship is in the form of: 
                          (  
(                   
    )
)                        (C.2) 
This is identical in form and in concept to the equation describing Rayleigh distillation. 
Here, α is a fundamental constant and should be the function of material and temperature 
only. Because all LTRO experiments were conducted in the identical conditions, it is therefore 
safe to say that the apparent α (reduction), although integrated over a range of temperatures, 
is the same in all experiments. Assuming that the value of   is the same for all experiments is 
also valid because the relevant portions for all experiments were the same and the only 
difference is the initial isotope composition of the ceria. The isotope effect for such a small 
difference in oxygen isotope composition is insignificant. However, we should expect that minor 
differences in temperature ramp, trace contamination, and powder size heterogeneity may 
result in a small variation in the actual    value for different experiments.  Nevertheless, it is 
practical assume that    and alpha are constant at a fixed temperature. From this, it can be 
assumed that for these experiments, ∆δ’18Oreduction is also constant.  
It is easily shown that any mixing trend with two end members, such as the one 
described by equations B.8 and B.9, will be linear in δ17O-δ18O space. A close approximation as 
used for the calculation of f is that this is true as well in the δ’17O-δ’18O space. We can then 
determine that the oxygen isotope compositions of the ceria at the high temperature reduced 
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form, the ceria at the end of the experiment (the final ceria), and the oxygen that is taken into 
the ceria structure all sit on the same line that intercepts at the TFL at the point of the 
incorporated oxygen from the air. This can be stated as the geometric relationship: 
            
           
            
           
 
                   
         
                   
         
            (C.3) 
We can then redefine                  and  
                according to equations B.1 
and  B.2 to yield: 
            
           
            
           
 
(                  
            )  
         
(                  
           )  
         
    (C.4) 
 Redefining              according to equations B.4 and B.6 yields: 
           (             
             
         )
                       
 
(                  
            )  
         
(                             )           
                      (C.5) 
                 can be redefined according to equation B.5 to yield: 
           (             
             
         )
            
           
 
(              
                
            )  
         
(                  
           )  
         
              (C.6) 
As stated in Appendix B, 𝜆 for all reactions is assumed to be at 0.52. The two scenarios 
dealing with ∆17O used for the calculation of the fraction of new oxygen are used here as well. 
That is,                     and   
                (Bao et al., 2008). All the δ values 
for the initial and final powders are known for both equations. Equation C.6 has two unknowns 
that are constant for all sets of experiments. Solving for these unknowns requires the 
incorporation of a second equation.  
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This second equation is identical in form to the first equation (Equation C.6), but has 
inputs determined from another experimental set. A set of exact solutions for ∆δ18Oreduction and 
δ18Oincorporated can then be found for each pair of the sets from Table 1.  
As is the case for calculating the fraction of oxygen incorporated by the ceria upon being 
open to the air, this deterministic calculation can then be extended to a pseudo-probabilistic 
one using the Monte Carlo method. The results of the Monte Carlo calculations (Appendix D) 
can be found in Figures 3 and 4 and Tables 3 and 4. 
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APPENDIX D: COMPLETE TABULATED RESULTS FOR THE FRACTION OF OXYGEN 
INCORPORATED DURING RE-OXIDATION 
Table 4: Results from Monte Carlo calculations of the incorporated fractions under Scenario 1 
and Scenario 2. 
Results from Monte Carlo Calculation for Fraction Incorporated in % 
∆17O air = 0‰ Middle 68.2% Error Middle 80% Error 
 
median - + - + 
Set 1 10.8% 1.8% 1.7% 2.3% 2.2% 
Set 2-1 -2.6% 148.7% 71.1% 248.1% 96.3% 
Set 2-2 57.1% 99.6% 67.3% 156.6% 98.0% 
Set 3-1 3.6% 38.0% 27.5% 51.6% 33.8% 
Set 3-2 -12.2% 41.2% 29.5% 57.0% 36.2% 
Set 4-1 5.0% 9.0% 8.4% 11.8% 10.5% 
Set 4-2 2.2% 9.2% 8.5% 12.0% 10.6% 
Set 5-1 2.5% 1.2% 1.2% 1.5% 1.5% 
Set 5-2 8.0% 1.1% 1.2% 1.5% 1.5% 
Set 6 19.3% 1.1% 1.1% 1.4% 1.4% 
Set 7 1.3% 7.6% 7.0% 9.7% 8.8% 
Set 8 1.6% 1.8% 1.8% 2.3% 2.3% 
Set 9 16.8% 1.7% 1.7% 2.2% 2.1% 
Set 10 13.9% 1.7% 1.6% 2.1% 2.0% 
      Results from Monte Carlo Calculation for Fraction Incorporated in % 
∆17O air = -0.23‰ Middle 68.2% Error Middle 80% Error 
 
median - + - + 
Set 1 11.3% 1.9% 1.8% 2.4% 2.3% 
Set 2-1 13.6% 89.9% 49.9% 142.1% 61.4% 
Set 2-2 -34.3% 123.6% 58.9% 194.7% 71.0% 
Set 3-1 2.0% 18.8% 15.8% 24.8% 19.7% 
Set 3-2 -6.6% 19.7% 16.6% 25.9% 20.6% 
Set 4-1 4.0% 7.3% 6.9% 9.5% 8.6% 
Set 4-2 1.8% 7.4% 6.9% 9.6% 8.7% 
Set 5-1 2.4% 1.1% 1.1% 1.5% 1.4% 
Set 5-2 7.8% 1.1% 1.1% 1.4% 1.4% 
Set 6 18.7% 1.0% 1.1% 1.3% 1.3% 
Set 7 1.6% 9.5% 8.5% 12.2% 10.8% 
Set 8 1.7% 1.9% 1.9% 2.5% 2.4% 
Set 9 17.7% 1.8% 1.7% 2.3% 2.2% 
Set 10 14.6% 1.7% 1.7% 2.2% 2.1% 
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APPENDIX E: COMPLETE TABULATED RESULTS FOR ∆δ18Oreduction AND δ
18Oincorporated 
Table 5: Results from Monte Carlo calculations of the δ18O of the incorporated oxygen under 
Scenario 1. 
Results from Monte Carlo Calculation for δ18O incorporated 
∆17O air = 0‰ Middle 68.2% Error Middle 80% Error 
 
median - + - + 
set 1-2.1 1.7‰ 2.3‰ 2.7‰ 3.9‰ 4.5‰ 
set 1-2.2 2.2‰ 1.1‰ 1.6‰ 1.9‰ 2.6‰ 
set 1-3.1 -2.3‰ 2.2‰ 4.5‰ 4.3‰ 6.5‰ 
set 1-3.2 -2.1‰ 1.1‰ 2.7‰ 2.1‰ 3.7‰ 
set 1-4.1 -1.7‰ 2.2‰ 3.3‰ 4.3‰ 5.6‰ 
set 1-4.2 -0.9‰ 1.6‰ 3.7‰ 3.3‰ 6.2‰ 
set 1-5.1 4.7‰ 4.4‰ 3.8‰ 5.9‰ 4.8‰ 
set 1-5.2 -2.2‰ 18.3‰ 11.3‰ 25.9‰ 13.9‰ 
Set 1-6 11.9‰ 2.9‰ 2.5‰ 3.8‰ 3.2‰ 
Set 1-7 10.0‰ 3.7‰ 1.6‰ 6.5‰ 5.6‰ 
Set 2.1-3.1 2.1‰ 2.0‰ 1.1‰ 3.2‰ 2.0‰ 
Set 2.1-3.2 2.7‰ 0.6‰ 1.3‰ 0.7‰ 2.3‰ 
set 2.1-4.1 0.8‰ 1.6‰ 2.3‰ 2.7‰ 3.4‰ 
set 2.1-4.2 0.9‰ 1.6‰ 2.2‰ 2.8‰ 3.4‰ 
set 2.1-5.1 0.5‰ 2.5‰ 3.5‰ 4.5‰ 5.4‰ 
set 2.1-5.2 1.0‰ 1.4‰ 2.2‰ 2.4‰ 3.3‰ 
Set 2.1-6 2.3‰ 0.7‰ 0.8‰ 1.3‰ 1.3‰ 
Set 2.1-7 0.9‰ 4.0‰ 5.0‰ 7.1‰ 7.9‰ 
Set 2.2-3.1 2.5‰ 0.5‰ 1.0‰ 0.6‰ 1.4‰ 
Set 2.2-3.2 2.3‰ 0.3‰ 0.5‰ 0.7‰ 1.0‰ 
set 2.2-4.1 2.2‰ 2.4‰ 1.5‰ 3.7‰ 2.6‰ 
set 2.2-4.2 2.2‰ 2.3‰ 1.4‰ 3.5‰ 2.6‰ 
set 2.2-5.1 2.2‰ 3.0‰ 2.0‰ 4.7‰ 3.5‰ 
set 2.2-5.2 2.2‰ 2.2‰ 1.3‰ 3.3‰ 2.3‰ 
Set 2.2-6 2.2‰ 0.3‰ 0.2‰ 0.4‰ 0.3‰ 
Set 2.2-7 2.1‰ 2.6‰ 2.7‰ 4.4‰ 4.3‰ 
set 3.1-4.1 1.5‰ 2.7‰ 2.4‰ 4.5‰ 4.1‰ 
set 3.1-4.2 1.7‰ 2.7‰ 2.2‰ 4.3‰ 3.9‰ 
set 3.1-5.1 2.2‰ 7.4‰ 5.1‰ 11.2‰ 9.5‰ 
set 3.1-5.2 0.7‰ 2.9‰ 3.3‰ 5.0‰ 5.2‰ 
Set 3.1-6 2.9‰ 4.5‰ 2.6‰ 7.0‰ 4.5‰ 
Set 3.1-7 2.2‰ 19.3‰ 11.7‰ 28.9‰ 21.3‰ 
set 3.2-4.1 0.4‰ 3.1‰ 4.9‰ 5.6‰ 7.3‰ 
set 3.2-4.2 0.5‰ 3.3‰ 4.8‰ 5.4‰ 7.3‰ 
set 3.2-5.1 -1.2‰ 6.1‰ 9.8‰ 10.9‰ 14.9‰ 
set 3.2-5.2 -0.2‰ 3.4‰ 5.1‰ 6.3‰ 8.4‰ 
Set 3.2-6 2.6‰ 1.8‰ 1.3‰ 3.0‰ 2.4‰ 
Set 3.2-7 -6.8‰ 9.3‰ 16.9‰ 17.1‰ 25.2‰ 
set 4.1-5.1 6.5‰ 7.8‰ 5.4‰ 11.6‰ 9.1‰ 
set 4.1-5.2 4.6‰ 2.1‰ 2.4‰ 3.5‰ 3.7‰ 
Set 4.1-6 7.6‰ 1.0‰ 3.1‰ 1.3‰ 5.1‰ 
Set 4.1-7 20.5‰ 10.4‰ 25.0‰ 12.3‰ 40.4‰ 
set 4.2-5.1 6.4‰ 11.5‰ 8.4‰ 18.0‰ 14.5‰ 
set 4.2-5.2 3.5‰ 3.6‰ 5.3‰ 6.7‰ 8.4‰ 
Set 4.2-6 6.7‰ 0.6‰ 1.5‰ 0.7‰ 2.6‰ 
Set 4.2-7 32.4‰ 90.7‰ 84.2‰ 164.7‰ 144.2‰ 
Set 5.1-6 8.8‰ 0.9‰ 0.7‰ 1.2‰ 0.9‰ 
Set 5.1-7 11.3‰ 21.2‰ 13.9‰ 32.6‰ 24.4‰ 
Set 5.2-6 9.1‰ 1.3‰ 0.9‰ 1.8‰ 1.1‰ 
Set 5.2-7 12.5‰ 3.0‰ 8.7‰ 12.1‰ 15.9‰ 
Set 6-7 10.7‰ 0.9‰ 1.6‰ 1.2‰ 2.3‰ 
Grand 2.5‰ 4.4‰ 7.7‰ 6.8‰ 10.6‰ 
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Table 6: Results from Monte Carlo calculations of the δ18O of the incorporated oxygen under 
Scenario 2. 
Results from Monte Carlo Calculation for δ18O incorporated 
∆17O air = -0.23‰ Middle 68.2% Error Middle 80% Error 
 
median - + - + 
set 1-2.1 2.0‰ 3.5‰ 1.4‰ 4.8‰ 2.7‰ 
set 1-2.2 0.1‰ 0.7‰ 2.1‰ 1.4‰ 2.7‰ 
set 1-3.1 -3.1‰ 0.9‰ 1.8‰ 1.7‰ 2.5‰ 
set 1-3.2 -2.4‰ 0.8‰ 1.5‰ 1.1‰ 2.5‰ 
set 1-4.1 1.4‰ 3.5‰ 9.5‰ 4.6‰ 16.6‰ 
set 1-4.2 1.5‰ 2.9‰ 7.3‰ 3.5‰ 11.9‰ 
set 1-5.1 6.4‰ 4.3‰ 3.6‰ 5.7‰ 4.6‰ 
set 1-5.2 4.0‰ 13.2‰ 8.5‰ 18.4‰ 10.4‰ 
Set 1-6 10.9‰ 3.7‰ 3.1‰ 4.9‰ 3.9‰ 
Set 1-7 11.0‰ 1.8‰ 1.0‰ 3.1‰ 2.1‰ 
Set 2.1-3.1 2.1‰ 0.9‰ 0.4‰ 1.3‰ 0.8‰ 
Set 2.1-3.2 2.0‰ 0.3‰ 0.2‰ 0.4‰ 0.3‰ 
set 2.1-4.1 2.3‰ 2.2‰ 1.8‰ 3.5‰ 3.2‰ 
set 2.1-4.2 2.3‰ 2.1‰ 1.7‰ 3.3‰ 2.9‰ 
set 2.1-5.1 2.5‰ 4.0‰ 3.0‰ 6.2‰ 5.3‰ 
set 2.1-5.2 2.3‰ 2.5‰ 2.0‰ 3.9‰ 3.7‰ 
Set 2.1-6 2.4‰ 0.5‰ 0.6‰ 0.8‰ 0.9‰ 
Set 2.1-7 2.5‰ 9.0‰ 5.1‰ 13.3‰ 9.4‰ 
Set 2.2-3.1 1.5‰ 0.5‰ 1.0‰ 0.9‰ 1.5‰ 
Set 2.2-3.2 1.9‰ 0.3‰ 0.3‰ 0.4‰ 0.5‰ 
set 2.2-4.1 1.2‰ 2.4‰ 3.5‰ 4.4‰ 5.6‰ 
set 2.2-4.2 1.3‰ 2.3‰ 3.5‰ 4.2‰ 5.4‰ 
set 2.2-5.1 0.4‰ 3.8‰ 5.6‰ 7.0‰ 8.9‰ 
set 2.2-5.2 1.0‰ 2.6‰ 3.7‰ 4.8‰ 6.0‰ 
Set 2.2-6 2.5‰ 0.3‰ 0.2‰ 0.4‰ 0.3‰ 
Set 2.2-7 -2.3‰ 4.5‰ 7.5‰ 8.4‰ 11.4‰ 
set 3.1-4.1 1.0‰ 4.3‰ 5.3‰ 7.6‰ 8.3‰ 
set 3.1-4.2 2.4‰ 5.1‰ 3.9‰ 8.1‰ 6.7‰ 
set 3.1-5.1 3.6‰ 13.8‰ 9.5‰ 21.3‰ 17.1‰ 
set 3.1-5.2 -0.1‰ 5.0‰ 7.6‰ 8.9‰ 11.3‰ 
Set 3.1-6 3.6‰ 3.6‰ 2.7‰ 6.0‰ 4.9‰ 
Set 3.1-7 4.7‰ 59.0‰ 35.8‰ 88.4‰ 63.9‰ 
set 3.2-4.1 -0.2‰ 5.0‰ 8.2‰ 9.1‰ 12.6‰ 
set 3.2-4.2 0.0‰ 5.1‰ 8.0‰ 8.8‰ 12.1‰ 
set 3.2-5.1 -2.8‰ 10.4‰ 17.4‰ 18.5‰ 26.0‰ 
set 3.2-5.2 -1.3‰ 6.1‰ 8.7‰ 11.0‰ 13.7‰ 
Set 3.2-6 2.8‰ 0.4‰ 0.9‰ 0.5‰ 1.5‰ 
Set 3.2-7 -19.5‰ 17.5‰ 27.5‰ 33.1‰ 41.7‰ 
set 4.1-5.1 7.3‰ 10.1‰ 6.9‰ 15.5‰ 11.9‰ 
set 4.1-5.2 4.3‰ 3.1‰ 4.2‰ 5.1‰ 6.6‰ 
Set 4.1-6 7.3‰ 0.8‰ 1.9‰ 0.9‰ 3.2‰ 
Set 4.1-7 29.3‰ 6.2‰ 4.7‰ 9.8‰ 7.3‰ 
set 4.2-5.1 3.3‰ 11.2‰ 13.8‰ 19.5‰ 21.3‰ 
set 4.2-5.2 3.0‰ 5.0‰ 6.9‰ 9.0‰ 11.1‰ 
Set 4.2-6 6.4‰ 0.5‰ 0.9‰ 0.6‰ 1.5‰ 
Set 4.2-7 70.7‰ 100.4‰ 51.0‰ 146.5‰ 92.1‰ 
Set 5.1-6 8.7‰ 0.9‰ 0.7‰ 1.2‰ 0.9‰ 
Set 5.1-7 10.1‰ 16.0‰ 11.4‰ 23.9‰ 20.3‰ 
Set 5.2-6 8.9‰ 1.4‰ 1.0‰ 1.9‰ 1.2‰ 
Set 5.2-7 11.5‰ 10.5‰ 8.4‰ 18.6‰ 14.4‰ 
Set 6-7 10.6‰ 1.1‰ 2.3‰ 1.3‰ 3.4‰ 
Grand 2.6‰ 5.3‰ 8.3‰ 8.6‰ 12.2‰ 
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Table 7: Results from Monte Carlo calculations of the change in δ18O of the ceria due to oxygen 
loss under Scenario 1. 
Results from Monte Carlo Calculation for ∆δ18O (reduction) 
∆17O air = 0‰ Middle 68.2% Error Middle 80% Error 
 
median - + - + 
set 1-2.1 1.8‰ 1.3‰ 0.4‰ 1.4‰ 0.6‰ 
set 1-2.2 1.2‰ 0.5‰ 1.0‰ 0.6‰ 1.1‰ 
set 1-3.1 1.8‰ 0.7‰ 0.7‰ 0.9‰ 1.0‰ 
set 1-3.2 1.8‰ 0.7‰ 0.7‰ 0.8‰ 0.9‰ 
set 1-4.1 1.6‰ 0.5‰ 1.5‰ 0.7‰ 2.0‰ 
set 1-4.2 1.5‰ 0.5‰ 0.3‰ 0.7‰ 1.9‰ 
set 1-5.1 1.1‰ 0.1‰ 0.1‰ 0.1‰ 0.1‰ 
set 1-5.2 1.9‰ 1.0‰ 1.2‰ 1.2‰ 1.6‰ 
Set 1-6 0.2‰ 0.6‰ 0.7‰ 0.7‰ 1.0‰ 
Set 1-7 0.6‰ 0.2‰ 0.3‰ 1.3‰ 0.4‰ 
Set 2.1-3.1 2.2‰ 1.0‰ 0.6‰ 1.7‰ 1.0‰ 
Set 2.1-3.2 2.4‰ 0.6‰ 0.6‰ 0.8‰ 0.9‰ 
set 2.1-4.1 1.5‰ 0.3‰ 0.3‰ 0.4‰ 0.4‰ 
set 2.1-4.2 1.6‰ 0.3‰ 0.3‰ 0.3‰ 0.3‰ 
set 2.1-5.1 1.2‰ 0.2‰ 0.2‰ 0.3‰ 0.3‰ 
set 2.1-5.2 1.6‰ 0.2‰ 0.2‰ 0.3‰ 0.3‰ 
Set 2.1-6 2.4‰ 0.1‰ 0.6‰ 0.2‰ 0.7‰ 
Set 2.1-7 0.8‰ 0.4‰ 0.4‰ 0.6‰ 0.6‰ 
Set 2.2-3.1 2.0‰ 0.7‰ 0.5‰ 0.9‰ 0.7‰ 
Set 2.2-3.2 2.3‰ 0.4‰ 0.5‰ 0.6‰ 0.8‰ 
set 2.2-4.1 1.5‰ 0.2‰ 0.2‰ 0.3‰ 0.3‰ 
set 2.2-4.2 1.6‰ 0.3‰ 0.2‰ 0.4‰ 0.2‰ 
set 2.2-5.1 1.2‰ 0.2‰ 0.2‰ 0.2‰ 0.2‰ 
set 2.2-5.2 1.6‰ 0.2‰ 0.2‰ 0.3‰ 0.3‰ 
Set 2.2-6 2.6‰ 0.2‰ 0.2‰ 0.3‰ 0.3‰ 
Set 2.2-7 0.6‰ 0.4‰ 0.8‰ 0.5‰ 0.9‰ 
set 3.1-4.1 1.5‰ 0.2‰ 0.5‰ 0.3‰ 0.6‰ 
set 3.1-4.2 1.6‰ 0.2‰ 0.5‰ 0.2‰ 0.5‰ 
set 3.1-5.1 1.1‰ 0.2‰ 0.5‰ 0.2‰ 0.6‰ 
set 3.1-5.2 1.9‰ 0.7‰ 0.1‰ 0.8‰ 0.3‰ 
Set 3.1-6 2.6‰ 0.8‰ 0.7‰ 1.2‰ 1.3‰ 
Set 3.1-7 0.4‰ 1.0‰ 0.6‰ 1.2‰ 0.8‰ 
set 3.2-4.1 1.9‰ 0.5‰ 0.2‰ 0.5‰ 0.2‰ 
set 3.2-4.2 1.8‰ 0.3‰ 0.2‰ 0.3‰ 0.3‰ 
set 3.2-5.1 1.4‰ 0.5‰ 0.1‰ 0.6‰ 0.2‰ 
set 3.2-5.2 1.9‰ 0.8‰ 0.2‰ 1.0‰ 0.3‰ 
Set 3.2-6 2.6‰ 0.4‰ 0.3‰ 0.7‰ 0.5‰ 
Set 3.2-7 0.3‰ 0.9‰ 0.9‰ 1.2‰ 1.2‰ 
set 4.1-5.1 1.0‰ 0.1‰ 0.4‰ 0.2‰ 0.5‰ 
set 4.1-5.2 1.5‰ 0.5‰ 0.1‰ 0.6‰ 0.2‰ 
Set 4.1-6 1.3‰ 0.8‰ 0.4‰ 1.3‰ 0.5‰ 
Set 4.1-7 0.6‰ 0.3‰ 2.0‰ 0.4‰ 3.6‰ 
set 4.2-5.1 1.0‰ 0.2‰ 0.5‰ 0.3‰ 0.6‰ 
set 4.2-5.2 1.6‰ 0.7‰ 0.2‰ 0.9‰ 0.4‰ 
Set 4.2-6 1.5‰ 0.4‰ 0.2‰ 0.7‰ 0.3‰ 
Set 4.2-7 -0.2‰ 5.5‰ 2.7‰ 10.4‰ 5.9‰ 
Set 5.1-6 1.0‰ 0.1‰ 0.1‰ 0.1‰ 0.2‰ 
Set 5.1-7 0.9‰ 0.3‰ 0.8‰ 0.6‰ 1.1‰ 
Set 5.2-6 0.9‰ 0.2‰ 0.2‰ 0.2‰ 0.3‰ 
Set 5.2-7 0.6‰ 0.8‰ 0.2‰ 1.6‰ 1.6‰ 
Set 6-7 0.5‰ 0.4‰ 0.2‰ 0.5‰ 0.2‰ 
Grand 1.4‰ 0.8‰ 0.8‰ 1.1‰ 1.1‰ 
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Table 8: Results from Monte Carlo calculations of the change in δ18O of the ceria due to oxygen 
loss under Scenario 2. 
Results from Monte Carlo Calculation for ∆δ18O (reduction) 
∆17O air = -0.23‰ Middle 68.2% Error Middle 80% Error 
 
median - + - + 
set 1-2.1 1.7‰ 0.6‰ 0.7‰ 0.9‰ 0.9‰ 
set 1-2.2 1.8‰ 0.6‰ 0.6‰ 0.8‰ 0.9‰ 
set 1-3.1 2.2‰ 0.6‰ 0.9‰ 0.8‰ 1.1‰ 
set 1-3.2 2.1‰ 0.6‰ 0.4‰ 0.8‰ 1.3‰ 
set 1-4.1 1.4‰ 0.7‰ 0.2‰ 1.6‰ 0.3‰ 
set 1-4.2 1.5‰ 0.6‰ 0.2‰ 1.0‰ 0.2‰ 
set 1-5.1 1.0‰ 0.1‰ 0.1‰ 0.1‰ 0.1‰ 
set 1-5.2 1.4‰ 0.7‰ 0.8‰ 0.9‰ 1.1‰ 
Set 1-6 0.5‰ 0.7‰ 0.9‰ 0.9‰ 1.3‰ 
Set 1-7 0.6‰ 0.6‰ 0.3‰ 1.0‰ 0.4‰ 
Set 2.1-3.1 2.1‰ 0.2‰ 0.2‰ 0.2‰ 0.2‰ 
Set 2.1-3.2 2.3‰ 0.2‰ 0.1‰ 0.2‰ 0.2‰ 
set 2.1-4.1 1.5‰ 0.1‰ 0.4‰ 0.2‰ 0.4‰ 
set 2.1-4.2 1.6‰ 0.1‰ 0.3‰ 0.2‰ 0.4‰ 
set 2.1-5.1 1.1‰ 0.1‰ 0.4‰ 0.2‰ 0.4‰ 
set 2.1-5.2 1.4‰ 0.2‰ 0.5‰ 0.3‰ 0.6‰ 
Set 2.1-6 2.4‰ 0.2‰ 0.2‰ 0.3‰ 0.3‰ 
Set 2.1-7 0.6‰ 1.0‰ 0.6‰ 1.2‰ 0.7‰ 
Set 2.2-3.1 2.1‰ 0.1‰ 0.2‰ 0.2‰ 0.3‰ 
Set 2.2-3.2 2.3‰ 0.1‰ 0.2‰ 0.2‰ 0.2‰ 
set 2.2-4.1 1.7‰ 0.2‰ 0.1‰ 0.3‰ 0.1‰ 
set 2.2-4.2 1.7‰ 0.1‰ 0.1‰ 0.2‰ 0.2‰ 
set 2.2-5.1 1.3‰ 0.4‰ 0.1‰ 0.4‰ 0.2‰ 
set 2.2-5.2 1.7‰ 0.6‰ 0.1‰ 0.8‰ 0.2‰ 
Set 2.2-6 2.5‰ 0.3‰ 0.1‰ 0.4‰ 0.2‰ 
Set 2.2-7 0.5‰ 0.8‰ 0.8‰ 1.1‰ 1.1‰ 
set 3.1-4.1 2.0‰ 0.6‰ 0.1‰ 0.7‰ 0.2‰ 
set 3.1-4.2 1.6‰ 0.1‰ 0.4‰ 0.2‰ 0.5‰ 
set 3.1-5.1 1.0‰ 0.2‰ 0.6‰ 0.3‰ 0.8‰ 
set 3.1-5.2 1.9‰ 1.0‰ 0.2‰ 1.2‰ 0.5‰ 
Set 3.1-6 2.2‰ 0.7‰ 0.5‰ 1.2‰ 1.0‰ 
Set 3.1-7 -0.2‰ 2.7‰ 1.1‰ 3.3‰ 1.4‰ 
set 3.2-4.1 1.9‰ 0.4‰ 0.1‰ 0.5‰ 0.2‰ 
set 3.2-4.2 1.9‰ 0.2‰ 0.1‰ 0.2‰ 0.2‰ 
set 3.2-5.1 1.5‰ 0.7‰ 0.1‰ 0.8‰ 0.2‰ 
set 3.2-5.2 2.0‰ 1.0‰ 0.3‰ 1.4‰ 0.6‰ 
Set 3.2-6 2.4‰ 0.3‰ 0.2‰ 0.5‰ 0.3‰ 
Set 3.2-7 0.1‰ 2.0‰ 2.7‰ 2.8‰ 4.2‰ 
set 4.1-5.1 1.0‰ 0.2‰ 0.5‰ 0.3‰ 0.6‰ 
set 4.1-5.2 1.5‰ 0.6‰ 0.1‰ 0.8‰ 0.3‰ 
Set 4.1-6 1.3‰ 0.5‰ 0.3‰ 0.8‰ 0.3‰ 
Set 4.1-7 0.5‰ 1.5‰ 1.9‰ 2.1‰ 2.6‰ 
set 4.2-5.1 1.4‰ 0.6‰ 0.1‰ 0.7‰ 0.3‰ 
set 4.2-5.2 1.6‰ 0.8‰ 0.2‰ 1.1‰ 0.5‰ 
Set 4.2-6 1.5‰ 0.3‰ 0.2‰ 0.4‰ 0.2‰ 
Set 4.2-7 2.8‰ 6.5‰ 4.4‰ 9.8‰ 7.0‰ 
Set 5.1-6 1.0‰ 0.1‰ 0.1‰ 0.1‰ 0.2‰ 
Set 5.1-7 0.9‰ 0.2‰ 0.6‰ 0.4‰ 0.8‰ 
Set 5.2-6 0.9‰ 0.2‰ 0.2‰ 0.2‰ 0.3‰ 
Set 5.2-7 0.7‰ 0.7‰ 1.2‰ 1.3‰ 2.0‰ 
Set 6-7 0.5‰ 0.5‰ 0.2‰ 0.8‰ 0.2‰ 
Grand 1.5‰ 0.8‰ 0.8‰ 1.2‰ 0.9‰ 
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